We demonstrate a symmetric, single-spatial mode, single-photon heralding efficiency of 84% for a type-II spontaneous parametric downconversion process. High efficiency, singlespatial mode collection is key to enabling many quantum information processing and quantum metrology applications.
OCIS codes: (270.5585) Quantum information and processing; (190.4410) Nonlinear optics, parametric process Entanglement lies at the heart of quantum mechanics, and one of its most important uses is to test Bell's inequality to further our understanding of reality and locality [1] . As most commonly implemented, this test is carried out by examining the correlation between a pair of entangled photons [2] . Although many tests have been made of Bell's inequality since the seminal works of the 1970's and 1980's [3] [4] [5] , an unqualified result has yet to be achieved. One fundamental reason is that a significant fraction of photons generated in such tests are not detected during the measurement, opening the possibility of a cleverly designed localhidden-variable theory that could reproduce the observed correlations without having to resort to quantum mechanics [6, 7] . To close the loophole using Bell's original scheme, an overall efficiency, from the generation to the detection of the photons, of at least 83% is required [1] . By taking advantage of non-maximal entanglement, Eberhard was able to relax this efficiency requirement to 67% [8] . Even this moderate efficiency requirement still represents an extremely difficult technical challenge.
Photon pairs are typically produced via a spontaneous parametric downconversion (SPDC) process, in which a higher energy photon is consumed to create a pair of correlated lower energy photons. (These photons are referred to as signal and idler photons and have horizontal (H)-and vertical (V)-polarization, respectively, in this paper.) The relevant efficiencies are the signal (idler) photon heralding efficiency s ( i ) defined as the ratio of the number of the detected two-photon coincidence events (C) to the number of detected idler (signal) photons N i (N s ), in a given time period,
. While ideally, the detection of a signal (idler) photon heralds the presence of its twin with a probability of 100%; inefficiency in the collection and detection of photons after their creation results in unheralded photons and heralding photons whose twin never arrives. In addition to these losses, the measurements are often further degraded by stray light in the system and detector dark counts. Recent theoretical studies suggest the possibility of collecting the twin photons into single-mode optical fibers with near unit efficiency [9, 10] and on the detection front, experimentalists have made significant advances, pushing photon detection efficiencies close to 100% [11] [12] [13] . Inspired by these advances, we have experimentally demonstrated a symmetric, single-spatial mode, single-photon heralding efficiency of 84%, i.e., when a signal (idler) photon is detected by a single-photon detector (SPD), the probability of its twin idler (signal) photon being present in the other single-mode optical fiber is 84%. The experimental layout (Fig. 1) employs a grating-stabilized diode laser emitting continuous wave light at 405 nm with linewidth of less than 200 MHz. The laser light passes through a single-mode optical fiber to ensure good single-spatial mode, a Glan-Taylor polarizer for a high degree of linear polarization, and a 10 nm bandpass filter centered at 405 nm to eliminate light at longer wavelengths. The pump beam waist is placed at the center of a 25 mm long periodically poled Potassium Titanyl Phosphate (PPKTP) crystal with cross-section of 1 mm 1 mm with its optic axis oriented vertically. A half-wave plate before the crystal is used to adjust the polarization of the pump beam to maximize the twin-photon yield of the SPDC. The PPKTP crystal is designed to convert photons at 405 nm into pairs of degenerate photons at 810 nm via type-II SPDC, where the polarization of the pump and one of the 810 nm photons is along the optical axis of the PPKTP and the polarization of the other 810 nm photon is perpendicular to it. Immediately after the crystal is a long-pass filter (> 600 nm) and a 10 nm flat-top bandpass filter centered at 810 nm to suppress the pump light by more than 150 dB. Following this is a lens to collimate the twin-photon beams created in the crystal. The twin H-and V-polarized photons are then separated using a polarizing beam splitter, and collected into single-mode optical fibers, which are connected to SPDs.
In the determination of single-photon heralding efficiency, the UV pump beam was kept at 2.5 mW and the beam waist was 220 μm. The single-photon detection rate at each SPD was 50 000 events per second or less. The two-photon coincidence timewindow was 5 ns, which is much longer than the coherence time of the down-converted photons determined from the 0.2 nm bandwidth (assuming transform limit) as collected by the single-mode optical fiber. The single-photon single-spatial-mode heralding efficiencies are shown in Fig. 2(a) In conclusion, we experimentally demonstrated symmetric, single-spatial mode, single-photon heralding efficiency of 84% in a type-II SPDC process. This high efficiency was achieved through improved mode matching, with the data pointing toward larger collection mode waists. The high efficiency along with the single-spatial mode character demonstrated here promise a wide utility for research in fundamental physics and quantum information processing applications and as a high water mark it may spur the development of theoretical models of the SPDC process efficiencies.
